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Abstract 
The application of Carbon Capture and Storage (CCS) technology to energy-intensive processes is 
starting to attract attention, presenting an opportunity for developing multi-user CO2 transportation 
networks.  Recognising that most industrial facilities have not been designed with CCS in mind, this 
paper begins by looking at the practical issues associated with retrofitting CCS to industrial facilities.  
It then explores the technical and legal issues associated with building a CO2 network.  This is 
followed by an analysis of the costs involved.  Having identified the key issues, a case study from 
North East England is presented as an example of what is possible in an area of high CO2 emissions.  
The paper concludes by considering the issues involved in sizing a CO2 network which can evolve to 
meet future needs and linking that to the development of policy. 
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1. Introduction 
The subject of Carbon Capture and Storage (CCS) for power stations running on coal or natural gas is 
both important and prominent.  The application of CCS to other industries which have large carbon 
dioxide (CO2) emissions is equally important but much less prominent.  Industry accounts for 40% of 
global energy-related CO2 emissions.  In 2007 the global figure for direct CO2 emissions from industry 
was 7.6 Gte of direct CO2 emissions to which could be added 3.9 Gte of indirect CO2 emissions from 
power stations supplying electricity to industry [1].  The much-quoted IEA “blue map” scenario for 
halving global CO2 emissions between 2005 and 2050 shows a 19% contribution from CCS which is 
split roughly equally between the power generation sector and the rest of industry [1]. 
Intuitively it would seem obvious that financial benefits could be available from building CO2 
pipelines to serve the needs of a cluster of CO2 emitters (both industrial and power-sector) 
compared with a collection of point-to-point transportation and storage solutions.  Confirmation 
comes from the economic cost model developed by McCoy and Rubin which draws by analogy upon 
as-built costs for 263 natural gas pipelines built in the USA between 1995 and 2005.  Their cost 
model shows that return on investment is significantly more dependant on pipeline capacity and on 
cost of capital than on any other factor that they considered [2].  Further confirmation is provided by 
Middleton & Bielicki when they quantify the cost of networks up to 50 Mte/year and compare them 
with point-to-point solutions [3]. 
The previous UK government’s CCS strategy includes the comment that “the establishment of an 
embryonic UK CO2 transport and storage infrastructure may sustain existing and future investment 
in carbon intensive process industries through the assurance that they will be able to access a 
system to handle their CO2 when the carbon market drives them to CCS” [4].  It also talks about the 
possibility of storing CO2 on behalf of other countries.  For at least ten years, Norway has also been 
considering the merits of developing a CO2 infrastructure and extending it to handle much of 
Northern Europe’s industrial CO2 emissions [5]. 
A number of regional studies have been carried out to investigate the potential for CO2 cluster 
development.  A study of the Yorkshire and Humber area in the UK found that 90% of the region’s 90 
Mte/year of CO2 emissions comes from 12 large CO2 emitters, and developed some ideas for building 
a CO2 collection and storage network [6].  A Scottish study makes a case for building a CO2 collection 
network to transport 20 Mte/year of CO2 for ultimate storage under the North Sea [7].  A Portuguese 
study divides the country’s 27 biggest CO2 emitters into three clusters and identifies suitable storage 
sites [8].   An Italian study identifies an 8 Mte/year CO2 cluster in the industrialised part of Northern 
Italy and links it to three storage sites [9].  A large-scale study in California links 37 potential sources 
to 14 potential reservoirs, with the prospect of storing up to 50 Mte/year of CO2 [3].  Similar studies 
have been carried out in North East England, the Rotterdam area, the northern Netherlands, 
Germany and at various other locations in the USA. 
The most extensive networks of CO2 pipelines are in the USA where over a period of forty years the 
currently operating 3,600 miles of CO2 pipelines have been built [10].  A major use for these 
pipelines is in Enhanced Oil Recovery (EOR) whereby supercritical CO2 is injected into depleted oil 
fields in order to mobilise additional oil.  The largest is of the pipelines is the 500 mile long 30-inch 
(76 cm) Cortez pipeline built in 1983 [11].  80% of the pipeline infrastructure was built for EOR in 
West Texas.  Wyoming/Colorado, Mississippi/Louisiana, Oklahoma and North Dakota are the other 
prominent regions [10].   
Looking beyond the USA, there is a 320 km pipeline carrying 2.8 Mte/year of CO2 from North Dakota 
to Weyburn in Canada.  A 240 km pipeline is under development in Alberta, Canada, with a planned 
capacity of 14.6 Mte/year of CO2.  At In-Salah in Algeria there is a 1.2 Mte/year pipeline for 
reinjecting CO2 into an onshore gas field.  Norway has offshore CO2 reinjection at the Sleipner field (1 
Mte/year) and also the world’s first subsea CO2 pipeline (0.7 Mte/year) at Snohvit.  Turkey uses CO2 
for EOR on the Bati Raman field.  There are smaller-scale CO2 EOR operations in Trinidad and the 
Netherlands, and pilot-scale activities in China and Brazil [12]. 
More generally, pipeline networks are a common feature of the energy and energy-using industries, 
often carrying crude oil, natural gas or refinery products such as gasoline or diesel over long 
distances.  In the petrochemical industry they are frequently used to transport chemical 
intermediates such as ethylene over hundreds of miles. 
There is the alternative of ship transport of CO2 for the offshore part of the journey.  For example, 
Aspelund et al. have proposed an arrangement based on semi-pressurised vessels somewhat similar 
to LPG carriers in which CO2 is transported as a liquid at pressures near the triple point (6.5 bara and 
-!"#$%&#'13].  They estimate a ship-based transport cost of $ 20-30 per tonne for annual tonnages 
above two million.  Svensson et al. have compared the costs of ship-based transportation of CO2 
(accounting for any necessary buffer storage) with pipeline solutions, identifying circumstances 
during the growth of a network where the flexibility of ships is particularly important [14].       
Recognising that most industrial facilities have not been designed with CCS in mind, this paper 
begins by looking at the practical issues associated with retrofitting CCS to industrial facilities.  It 
then explores the technical and legal issues associated with building a CO2 network.  This is followed 
by an analysis of the costs involved.  Having identified the key issues, a case study from North East 
England is presented as an example of what is possible in an area of high CO2 emissions.  The paper 
then concludes by considering the issues involved in sizing a CO2 network which can evolve to meet 
future needs and linking that to the development of policy. 
2. Practicalities of retrofitting CO2 capture 
Pre-combustion carbon capture technology is often proposed for new power plant facilities such as 
IGCC (Integrated Gasification Combined Cycle), and oxyfuel combustion technology is being 
developed as a promising energy-efficient process, but for retrofit applications the main interest 
tends to be in post-combustion capture technology [15,16].  In its conventional form it carries an 
energy penalty because additional energy is expended in regenerating the solvent used to dissolve 
CO2.   
Several processes are available for retrofitting to power stations and process plants, capturing CO2 
from flue gases.  Licensors of ammonia based chemical solvent processes claim lower operating 
costs than for the more familiar amine-based process (described below) because less energy is 
required for regenerating the solvent.  A chilled ammonia process has been used at the Mountaineer 
power plant operated by American Electric Power in West Virginia, USA.  Here a slipstream of flue 
gases is taken at a point downstream of the existing Selective Catalytic Reduction and Wet Flue Gas 
Desulphurisation systems, capturing around 100,000 tonnes per year of CO2.  In this instance, 
because the CO2 comes from a single source, with the water content and the ammonia content 
known to be low (<600 ppm and <50ppm respectively), carbon steel is an acceptable pipeline 
material.  The injection well also happens to be very close by (only 300 metres away) [17]. 
Amine scrubbing is a more common and more mature process for removing CO2 from a flue gas 
stream although it is known to suffer from a significant energy penalty.  The problems to be solved 
depend on the composition of the flue gas.  For example, on a gas-fired power station with 3-4% CO2 
in the flue gas compared with a coal-fired power station with 13-14% CO2 in the flue gas, larger 
absorbers are required in order to capture the same quantity of CO2, leading to high levels of solvent 
consumption and a large energy penalty for solvent regeneration [18].  Once the range of target 
plants is expanded to include other industries, the range of flue gas compositions also expands. 
Alternative processes based on physical solvent adsorption have also been developed.  They offer 
lower regeneration costs but tend to require a high operating pressure and are therefore less 
attractive in flue gas applications.  A range of more advanced CO2 separation technologies is under 
development, but they are not presently marketed for retrofits [16]. 
Looking across the fleet of existing pulverised coal plants in the USA, and considering only those that 
are larger than 300 MW and less than 35 years old, the market size for CCS retrofits is 184 GW [19].  
Within that fleet, suitability for CCS retrofit can be ranked based on considerations such as 
availability of space for the CCS equipment (typically about 2.4 hectares for a 500 MW unit), 
availability of additional cooling water, quality of SOx and NOx abatement equipment, access to low-
pressure steam for solvent regeneration, and ability of the electrical distribution system to handle 
the power demands of the CO2 compressors.  Similar considerations apply to retrofits on other types 
of industrial plant.  EPRI are looking in detail at five diverse examples across the USA and Canada in 
order to quantify cost and operational impact of retrofitting an advanced amine post-combustion 
capture system [19].  Meanwhile, work continues to develop lower-impact technologies and designs. 
Turning to industrial facilities, the challenges of retrofitting CCS can in some cases be particularly 
demanding since CO2 emissions are often an inherent part of the basic process itself.  For example, 
the basic process of calcining limestone (calcium carbonate) to make cement must inevitably 
generate CO2 as a by-product because of the fundamental chemical reaction involved.   
UNIDO have analysed five broad industrial sectors: high-purity CO2 producers, refineries, cement, 
iron/steel and biofuels [20]. All of these except cement are included within the case study presented 
in Section 5.  The processing of natural gas (which in its raw form contains between 2% and 70% CO2) 
is an example of a high-purity CO2 process where some people are already deploying CCS.  Another 
large part of the high-purity sector is ammonia production for fertilisers.  UNIDO estimate that the 
cost of capturing a tonne of CO2 spans a wide range from $4 to $47 depending on the plant 
configuration.  For the other processes that they consider, the range is smaller (between $9 and 
$31), including production of ethylene oxide (a petrochemicals building block) where the CO2 stream 
purity can be anywhere between 30% and 100%.  In the cement sector CCS has not been deployed 
commercially yet.  A post-combustion capture facility based on established amines technology could 
be retrofitted with minimal change but with an energy and cost penalty.  Changing to a new process 
based on oxygen rather than air would be attractive in energy and operating cost terms but is not 
really a retrofit option.   
In the iron/steel industry there is interest in processing the blast furnace gas stream which is rich in 
CO2 and carbon monoxide, and which can be reformed into a 60% pure CO2 stream.  In theory such a 
process could be retrofitted, but in practice CCS has only been demonstrated at small scale on a 
European project in Sweden [20].    Refineries have the option of capturing CO2 from their various 
hydrogen production processes such as steam methane reforming and gasification of heavy 
oils/residues.  On complex refineries which include fluidised catalytic crackers, about 50% of the CO2 
emissions derive from catalyst regeneration and can in principle be captured in a post-combustion 
process.  With CO2 capture costs ranging from €19/te to €85/te across the various options, practical 
deployment has tended to be at the low-cost end (viz. steam methane reforming) where there is a 
nearby outlet for CO2.  The easiest retrofit option for biofuels plants is on fermentation processes 
since they produce large volumes of high-purity CO2.  For example, the Arkalan bioethanol plant in 
Kansas, USA, captures CO2 from a 60% pure stream for use in EOR [20]. 
3. Practicalities of building a CO2 network 
There is extensive experience of building and operating CO2 pipelines with a good safety track 
record, although most of it relates to naturally occurring CO2 being transported through sparsely 
populated areas.  The main risk to human health (asphyxiation) is due to the tendency of a heavy 
CO2 gas to accumulate without detection in depressions.  The engineering safeguards which include 
materials selection for equipment and valves, avoiding the potential for two-phase flow, handling 
likely contaminants and water removal to avoid the risk of hydrate formation or corrosion are well 
known in the industry.  Their importance is increased as plans are developed for CO2 networks that 
have branch lines close to populated areas [21].   
There is a question as to the best physical form in which to transport CO2.  Most CO2 pipelines used 
for EOR transport CO2 as a supercritical fluid [14].  However, there is also a case for considering the 
alternative of a sub-cooled liquid (or dense-phase liquid) which can offer lower compressibility, 
higher density, smaller pipeline diameters and compatibility with pumps rather than compressors.  
Zhang et al. show that under certain conditions – especially with longer pipelines and if they are 
likely to be buried – there is an energy advantage and a capital cost advantage [22]. 
Although supercritical CO2 has not been classified as a hazardous liquid in the USA, it is effectively 
treated as such under the regulations governing the design, construction and operation of interstate 
pipelines [10].  In the UK, transportation of CO2 as a dense phase fluid above its critical pressure 
places it in a category where routes through medium and high population density areas are not 
advised [23].  It is not listed as a hazardous substance for the purpose of the Planning (Hazardous 
Substances) Regulations in the UK, but pipelines are classed as Major Accident Hazard Pipelines. 
CO2 pipelines are believed to be more susceptible to long-running ductile fractures than 
hydrocarbon gas pipelines [24].  This leads to considerations of fracture propagation control which 
can translate into a requirement for mechanical crack arrestors or a minimum required toughness 
and can even impact on pipeline diameter or wall thickness.   
It has been affordable in the past to address uncertainties in design requirements by effectively 
over-engineering CO2 pipelines.  However, in moving from a small, onshore EOR market where 
people buy CO2 to a large, offshore CO2 storage endeavour, there is a case for doing more research 
into efficient, economic design of pipelines that can handle CO2 that contains impurities [25]. 
A number of authors have started to look at the question of how to optimise across the chain from 
capture to transport to CO2 injection, although this work is largely confined to point-to-point 
solutions rather than multi-user networks and tends to concentrate on the power generation sector 
[26]. Lack of thermodynamic data for CO2-rich mixtures (as opposed to pure CO2) is one of the 
impediments. 
For the subsea portion of CO2 pipelines there remain some issues to be resolved concerning pipeline 
design standards which impact on materials selection and corrosion allowances [27].  In the more 
mature field of subsea natural gas pipelines there are differences in philosophy between operating 
companies and between countries.  These stem from the use of different corrosion modelling 
packages and different assumptions about the reliability and availability in practice of corrosion 
inhibitor systems.  In cost terms there is a significant difference between carbon steel pipelines with 
injection of a corrosion inhibitor compared with use of a corrosion resistant alloy [27].   
Any integrated pipeline network would require a common CO2 entry specification (eg agreements on 
the maximum composition of impurities, and values for temperatures and pressures) so as to meet 
safety and pipeline integrity requirements. Such requirements have a knock-on effect on the CO2 
capture process [28].   Decisions on entry specifications would usually follow from a cost-benefit 
analysis. One challenge with CCS is that the understanding of the techno-economics of capture and 
storage is rapidly evolving, so that the most economic system-wide specifications in (say) 2030 may 
be different from those envisaged today by individual participants.   
The development of long-distance CO2 pipelines in the USA is considered to be impractical, if not 
impossible, without the option of being able to resort to the power of “eminent domain” (or 
compulsory purchase) in the event that negotiations with landowners fail [10].  The rules pertaining 
to such matters vary from country to country.  There are also some important questions about 
economic regulation and investment cost recovery mechanisms which depend to some extent on 
pipeline ownership and rights of access in respect of multi-user pipelines [29].  In addition, there is 
the important question about whether CO2 should be treated (and regulated) as a commodity 
product (for example in EOR) or as a pollutant/waste. 
It is increasingly common to see economic optimisation tools such as MARKAL (MARKet ALlocation) 
being used in conjunction with engineering models and tools to explore ways of optimising 
investments in energy systems and the supporting infrastructure [30].  Such as approach has been 
applied to the question of how to optimise CO2 pipeline and storage infrastructure within a portfolio 
of CO2 mitigation measures to reach specific time-related targets for CO2 reduction in the 
Netherlands under various policy constraints.  Their use of a MARKAL model alongside a type of GIS 
(geographical information system) software with spatial and routing functions shows how different 
energy policy choices lead to different CO2 pipeline infrastructures [31]. 
A different approach to optimising a CO2 network is to assemble data on the fixed and variable ($/te) 
costs of pipelines, the cost of CO2 capture at each source, and the cost of storage at each reservoir, 
and then optimise the network design for any chosen CO2 throughput [32].  Middleton & Bielicki 
have developed an enhanced version of this approach to spatial network optimisation (SimCCS)  in 
which every square km of land can be assigned a different weighting to reflect differences in 
construction cost in densely populated areas, environmentally sensitive areas etc. [3].  The model 
can be augmented to account for different storage reservoir characteristics [33].  This spatial 
approach to optimisation serves as a useful complement to other time-based approaches to 
optimising network growth [33].   
4. Cost analysis 
The first step is to estimate the cost of capturing CO2.  On an existing 20-30 year old plant this is a 
non-trivial exercise, requiring consideration of where new equipment is to be located, where pipe 
runs can be accommodated both within the plant and outside it, and any requirement for uprating 
site utilities to account for the energy penalty associated with CCS schemes [23]. 
Published data on CO2 transportation and storage costs can appear to be inconsistent, often because 
of a lack of clarity about system boundaries.  For example, the cost of CO2 compression can be taken 
as part of the CO2 capture plant or part of the transportation system – and will alter if booster 
stations are employed along the pipeline.  Svensson et al. look at a range of transportation 
configurations involving onshore pipelines, ships, buffer storage as needed and offshore pipelines 
for scales up to 40 Mte/year and distances up to 600 km [14].  Their costs (which exclude CO2 
compression) are around €1-2 per tonne of CO2 for the more cost-effective solutions.    McCoy and 
Rubin have developed an engineering –economic model for CO2 transport and storage based on 
fundamentals of fluid flow in pipes and porous media and historic costs from the petroleum industry 
[34].  When they apply it to a case study in which CO2 is to be injected into a saline aquifer at a 
pressure of 10.3 MPa, the CO2 is available out of the capture unit at 13.79 MPa, the CO2 design flow 
is 4.67 Mte/year and the (rather short) pipeline length is 30 km, they come up with a transport cost 
of $0.34 per tonne of CO2 and a storage cost of $0.80 per tonne of CO2.  They analyse the sensitivity 
of the combined transport/ storage cost to parameter variation, showing that storage cost is 
dominated by reservoir permeability, transport cost is dominated by pipeline length, and both are 
significantly impacted by the tonnage of CO2 transported and stored.  This latter point is at the heart 
of initiatives to consider multi-user CO2 networks. 
Pipeline costs are difficult to predict in a volatile world market.  Over the last ten years the cost of 
large-diameter pipe has been as low as $500 per tonne and as high as $4,000 per tonne [29].  The 
dynamic relationship between CO2 networks for CO2 storage and CO2 pipelines for EOR is also 
difficult to predict.  On the one hand, the high CO2 emission costs (or carbon prices) that incentivise 
CO2 storage will tend to increase the availability of captured CO2, reducing CO2 purchase costs for 
EOR operators and therefore favouring the construction of additional EOR pipelines [35].  In some 
parts of the world it is possible to envisage some pipelines being used for both purposes.  In the 
North Sea, for example, a pipeline to a saline aquifer could be extended from the central North Sea 
to reach more northerly depleted oil fields which are good EOR targets.  On the other hand, most 
projections of EOR demand are very much lower than estimates of saline aquifer storage capacity.  
Tanner also points to a major geographical mis-match in the USA between the most likely EOR 
expansions and the most likely CO2 storage projects [35].  
The other side of a cost analysis is a market appraisal and consideration of the market value of CO2.  
Parsons Brinckerhoff [36] have looked at a range of potential end uses for CO2 beyond the 
established EOR market to include Enhanced Gas Recovery, Enhanced Coal Bed Methane, algae 
cultivation, liquid fuel production (via methanol), carbonate mineralization, polymer production, 
urea yield boosting and enhanced geothermal systems.  They conclude that in a free market CO2 
selling prices are unlikely to rise above the current range of $15-19/te which supports an EOR 
market of 50 Mte/year.  However, if governments start to set a CO2 price above that level a 
succession of opportunities opens up in the medium to long term, leading to the prospect of new 
end uses being commercialised by 2020.  Parsons Brinckerhoff identify end use markets in the 30-
300 Mte/year range and some above that range – but with annual CO2 emissions standing today at 
22 billion tonnes they conclude that in the long term there will be a CO2 surplus which keeps natural 
market prices depressed. 
5. Case study: North East England process industries 
North East England is home to a large concentration of CO2 emitters based around petrochemicals, 
steel and aluminium as well as power generation.  Industry is particularly concentrated in the Tees 
Valley.  Supplementing the 7.5 Mte/year of CO2 emissions from the proposed Eston Grange pre-
combustion CCS power plant on Teesside and the Rio Tinto Alcan power plant in South East 
Northumberland are much higher CO2 emissions from existing industry in the Tees Valley [37].  
Because of the need to link the various chemical plants together, a large pipeline network has 
developed over a period of 50 years carrying a wide range of materials in pipes of up to 45 cm 
diameter such as hydrogen, ammonia, LPG, naphtha, petrol, methane, nitrogen, ethylene, 
propylene, fuel oil, fuel gas and cyclohexane.  A network of pipeline corridors and tunnels under the 
river already exists.  The existing hydrogen pipeline network which carries around 9 te/hour of 
hydrogen with links to extensive underground storage in solution-mined cavities could be 
particularly relevant to any CCS developments [38]. 
The Tees Valley is home to Europe’s largest integrated cluster of manufacturing industries, 
containing major proportions of the UK’s petrochemical, pharmaceutical, and speciality chemical 
sectors.  Recent investments in the Tees Valley industry exceed £800 million, including the world’s 
largest polyethylene plant, the world’s largest combined cycle gas turbine heat and power plant, and 
one of Europe’s largest bioethanol plants. Because of its separate but proximate chemical 
complexes, the Tees Valley has a long history of shared infrastructure and multi-user pipeline 
systems.  The portfolio of prospective investments in the energy engineering sector is worth £8 
billion.  Proposals include a heavy oil upgrader, power plants based on coal gasification, biomass and 
energy from waste, a nuclear power plant, wind turbine construction facilities, and improved port 
facilities [28].  The reliance of the North East regional economy on manufacturing and process 
industries makes it the most emissions intensive region in the UK with well over half the region’s 
emissions (63%) arising from large industrial sources and power.   
Table 1 summarises CO2 emissions data for the largest existing and proposed facilities in the Tees 
Valley.  (The cut points between the International Energy Agency’s designated tiers 0, 1 and 2 are at 
50,000 te/year and 1 million te/year.)  Of the total 26.2 million tonnes of annual emissions, the split 
between power generation and other industries is 50:50.  The facilities listed in Table 1 all lie within 
a 6km radius. 
Installation CO2 emissions (Mte/year) IEA tier 
Steelworks 6.95 0 
Proposed IGCC plant (850MW) 5.00 0 
Existing gas-fired power station (1.9GW) 3.15 0 
New gas-fired power station (1GW) 2.89 0 
Proposed 300MW biomass power plant 1.20 0 
Petrochemicals site utilities supplier 1.43 0 
Petrochemicals operator 1.36 0 
All 7 tier 0 emitters 21.98 0 
19 tier 1 emitters 3.99 1 
13 tier 2 emitters 0.23 2 
Sum of tier 0, 1 & 2 emissions 26.2  
 
Table 1: CO2 emissions from proposed and existing facilities in Tees Valley (based on data from [23]) 
Elsewhere in the North East there are further possibilities such as the option of retrofitting 450MW 
of IGCC/CCS capacity to the power station in South East Northumberland which feeds the aluminium 
smelter there. 
A study has been undertaken in association with a number of the region’s industrial players and 
universities to understand the economics of an integrated solution to CO2 emissions [28].  From the 
many possible networks considered four illustrative levels of CCS uptake in the Tees Valley are 
presented here – see Table 2.  The difference between “avoided/abated” and “captured” in Table 2 
is that the former term corrects for abatement efficiency of the capture process due to energy 
consumption etc. 
Anchor only Small Medium Large 
No. of point 
sources 
1 5 8 35
Annual CO2 
captured 
(Mte 
CO2/year) 
5 14 22 26
Lifetime CO2 
avoided 
(20 years) 
83 Mte 262 Mte 377 Mte 434 Mte 
Incremental 
capital cost of 
capture and 
compression 
£151 m £1.1 bn £2.0 bn £3.1 bn 
Incremental 
operating and 
energy costs 
for capture 
and
compression 
of 
CO2 
£55 m/yr £187 m/yr £298 m/yr £371 m/yr 
Mean average 
£/te CO2 
captured 
£15 £21 £24 £30
Mean average 
£/te CO2 
abated 
£18 £25 £29 £36
 
Table 2 Economics of CO2 capture in the Tees Valley (from [28]) 
In order to produce reasonably accurate estimates for capital and operating costs, an example set of 
six different plants has been reviewed and layout drawings produced for retrofit CO2 capture 
schemes [23]. Network designs have been developed for each of the 4 levels of CCS uptake, 
delivering CO2 to a point of export on the shoreline – see Table 3.  Whilst the majority of large 
emitters are clustered together on the south bank of the river Tees, an existing tunnel under the 
river could provide a link to sources on the North bank. 
  
 Anchor-only Small Medium Large 
Number of 
sources 
1 5 8 37
Peak 
capacity 
(Mt/yr) 
5 14 22 26
Onshore 
pipeline 
distance 
5 km 19 km 22 km 37 km 
 
Table 3 Onshore transport networks 
Choices for the offshore pipeline depend on many factors including routing issues, vulnerability to 
incidental damage, availability of wall thicknesses, and engineering judgements on the potential for 
line pack, flexibility and stress management.  Table 4 combines onshore and offshore costs, 
illustrating the economies of scale or higher capital efficiency associated with larger schemes. 
 
Network description Anchor-
only 
Small Medium Large 
Network physical capacity 5 Mte 
CO2/yr 
14 Mte 
CO2/yr 
22 Mte 
CO2/yr 
26 Mte 
CO2/yr 
Modelled diameter offshore 
(for 200 km length) 
500 mm 
(20”) 
600 mm 
(24”) 
900 mm 
(36”) 
900 mm 
(36”) 
Capital cost for offshore pipelines62 £333 m £365 m £485 m £485 m 
Combined capital cost for network (onshore and 
offshore pipelines and shoreline compression) 
£346 m £425 m £546 m £562 m 
Additional capital cost for network compared to 
anchor/demonstration only 
£0 £79 m £201 m £216 m 
Cost of service (assuming users pay equally for 
access)
£12/te £7.3/te £7.4/te £7.4/te 
 
Table 4: Cost of onshore pipelines, offshore pipeline and onshore compression (from [23]) 
 
Factoring in additional costs such as offshore injection and storage, the marginal abatement cost 
curve (Figure 1) below shows the CO2 abatement potential from individual facilities in order of 
increasing cost [28].  Each segment corresponds to an individual source, with the height of the bar 
indicating total cost per tonne and the width showing the CO2 saving.  For a given CO2 emissions 
price it is then possible to read off the list of facilities for which CCS is financially viable.  The first 7 
facilities correspond to CO2 prices within the range usually estimated for 2020 to 2030 [28].  A larger 
system could be built in anticipation of higher CO2 prices, but there is then the risk of smaller 
emitters choosing not to invest in on-site carbon capture and therefore not buying any capacity in 
the system.  For this location there would appear to be a strong case for a medium-sized network 
which covers the largest emitters. 
  
Figure 1 CCS marginal abatement cost curve for a “Large! network of emitters in the Tees Valley. 
Each bar corresponds to an individual emitter connected to a common transport and storage 
network. (from [28]) 
6. Sizing and growing a network 
In deciding how large to make a network there are a number of relevant considerations.  Large 
systems will often benefit significantly from economies of scale as reflected in the cost per tonne of 
CO2, but the large up-front capital investment can make the project difficult to finance.  This is 
exacerbated by the inevitable lack of synchronism among companies connecting to the network 
since their on-site investments will require financing and co-ordination with planned outages.  There 
is also a case for building in some flexibility to allow for new entrants in future years and, conversely, 
for plant closures [28].  Ship transportation can provide that flexibility when needed [14]. 
It is interesting to see how Germany is approaching the question.  The Ruhr area in North Rhine 
Westphalia (NRW) accounts for 50% of Germany’s CO2 emissions from stationary sources whilst 
occupying only 10% of the land area.  In addition to 177 Mte of CO2 emitted by NRW power plants in 
2005, emissions from other industries such as refineries, metals, chemicals, cement and glass 
amounted to more than 50 Mte.  Based on some assumptions about the timescale on which CCS will 
become commercially viable, the policy on “capture-ready” plants, the policy on replacing old 
inefficient power plants with new ones, and the policy determining which plants to retrofit with CCS 
in due course, two CCS clusters emerge.  “NRW West” accounts for 84 Mte/year of CO2 from power 
plants plus an additional 22 Mte/year from other industries; “NRW Middle” accounts for 41 
Mte/year of CO2 from power plants plus an additional 6 Mte/year from other industries.  Including 
links to a prospective storage site, the total network length is just less than 1,200 km [39]. 
Bumb et al take a different approach for Italy, treating it as 5 regions and developing a self-
contained solution for each region [40].  They look at the largest CO2 emitters including power 
stations and refineries and consider deep geological storage.  They use nonlinear optimisation 
techniques to accommodate the nonlinear relationship between pipeline cost and pipeline length, 
diameter and flow rate.  Some regions contain a number of storage sites with finite capacity, and the 
optimisation programme links a CO2 source to more than one.  Others contain many CO2 sources 
which the optimisation programme links together such as to minimise overall cost.  An interesting 
range of network configurations emerges. 
Desideri et al look in more detail at the industrialised Po valley in Northern Italy [9].  For a set of five 
power stations, a refinery, a sugar industry plant and a cement plant along with three selected 
storage sites (gas wells), they develop an 8 Mte/year scheme based on 34 km of 20-inch (50 cm) 
pipeline and 88 km of 12-inch (30 cm) pipeline [9]. 
A Portuguese study looks across the power generation, oil refining, cement, glass, steel and 
chemicals industry to identify the top 27 CO2 emitters which at 26.8 Mte/year account for 45% of 
Portugal’s CO2 emissions.  It divides them into three clusters, identifies the most promising storage 
sites and proposes an interlinking CO2 network [8]. 
The expected scale of operation in the USA is larger.  Estimates have been made based on two policy 
scenarios [11].  The more stringent aims to stabilise atmospheric CO2 at 450 ppmv, involves about a 
dozen CCS plants per year being built over the 2010-2030 time period, most high-purity CO2 point 
sources (eg refineries) capturing their CO2 emissions within 10 years and 54 Gte of CO2 being 
committed to deep geological storage by 2050.  The less stringent scenario aims to stabilise 
atmospheric CO2 at 550 ppmv, involves 1-3 CCS plants being built over the 2010-2030 time period, a 
slower rate of adoption of CO2 capture on industrial plants and 19 Gte of CO2 being committed to 
deep geological storage by 2050.  The former requires 23,000 miles of CO2 pipelines to be built 
whilst the latter requires 11,000 miles. If the decision is made to convert large reserves of shale oil 
into a refinable crude oil (which requires new CCS plants to power the downhole heaters) the figures 
could be even higher [33].  These figures compare with less than 4,000 miles of CO2 pipelines today 
but more than 270,000 miles of large interstate and intrastate natural gas pipelines.  The total 
pipeline length is relatively modest because 95% of the largest CO2 point sources lie within 50 miles 
of a potential storage reservoir [11]. 
7. Storage options 
The subject of large-scale CO2 storage in saline aquifers and in depleted oil and gas fields has been 
extensively documented.  The interested reader is referred to [15] for an overview.  The key 
parameter influencing CO2 network development is injection pressure. 
Less well documented is the option of storing CO2 in coal seam voids created during in-situ 
gasification of coal (or Underground Coal Gasification, UCG) linked to CCS [41].  When carried out at 
depths of more than 800m, the void created in the coal seam is suitable for storing supercritical CO2 
– either associated with use of UCG syngas or from other industrial sources.  This addition of a 
potential source and sink of CO2 brings an additional degree of freedom to any prospective CO2 
network and may enable the extent of the network to be considerably reduced.  Given that the 
world’s total coal resource (most of which is unmineable) far outstrips oil and gas resource, the 
potential impact is significant. 
8. Policy implications 
It is sometimes now suggested that in return for expediting the permitting process, governments 
should impose some sort of “common carrier” requirements such as non-discriminatory access and 
regulation of the tariffs charged in order to avoid a proliferation of small, sub-optimal systems [42].  
European Union member states will be required to ensure that third parties can secure access to 
pipelines and storage sites on fair and reasonable terms where it is practical to do so [43].  The UK 
government has said that consenting authorities will have the power to require the modification of 
the design of a pipeline where there is evidence of existing or likely future demand for additional 
capacity to convey the same or similar material [4]. 
The question of how to set tariffs then arises [28].  One aspect  relates to recovering the cost of the 
pipeline investment.  Pipeline users could be charged based on their actual throughput (including a 
premium to cover the network investor’s risk of underutilisation); or they could be charged based on 
their planned capacity (with users carrying their share of the risk of underutilisation).  Another 
aspect relates to the commercial arrangements with the storage site operator which could, for 
example, be based on “take or pay”.  Esposito et al have looked at three different business models 
for CO2 pipelines:  pipeline ownership, joint venture ownership, and “pay at the gate” [44].  They 
conclude that carbon price, in terms of both its value and the market mechanism, will have a major 
influence on the attractiveness of the various models to different players. 
Carbon prices are ultimately a reflection of policy.  In some ways the effects of policy changes on a 
CO2 network that is specific to the power generation sector are easier to envisage because 
prospective users are subject to broadly similar pressures.  Power stations often operate in a 
national market within which a national government can apply incentives and penalties in a broadly 
equitable manner.  Other industrial facilities tend to compete in international markets with no 
clearly accepted approach to CO2 reduction whether by incentive or by compulsion.  Some 
companies are therefore at risk of so-called “carbon leakage” where the activity moves to wherever 
the lowest standards are around the world.  The sheer range of different industrial processes also 
introduces a complication: the range of possible contaminants in a CO2 stream increases 
considerably.  This leads to an increased priority for defining pipeline entry standards. 
 
9. Conclusions 
Industrial CO2 emissions represent a significant proportion of anthropogenic CO2 emissions.  There 
are economies of scale from building large integrated networks but this is counter-balanced to some 
extent by considerations of how to finance a large investment which will be over-sized initially.  
Much of the initial interest will be in retrofitting CCS to industrial facilities that were not designed 
with CCS in mind.  Whilst capture technology continues to improve, in the short term it is likely that 
existing technology for post-combustion capture will be employed.  Plant lay-out considerations 
tend to be the dominant constraint.  Codes and standards for CO2 pipelines are still under review, 
but there is a general interest in moving away from over-engineered designs once there is sufficient 
technical knowledge and experience to justify that.  The cost of CO2 capture on industrial facilities is 
starting to become clearer, but work is not as far advanced as in the power sector. 
The North East England case study draws a number of the above strands together and shows how 
the extent to which it is viable to include smaller CO2 emitters within a network depends on future 
CO2 prices.  It also shows that a medium-sized network is likely to be justified based on present 
estimates of future CO2 prices. 
Various regions in countries around the world are now developing ideas for CO2 networks which can 
accommodate CO2 emissions from industrial facilities as well as from power stations.  The right size 
for such networks depends on expectations around policy development in general and CO2 price in 
particular. 
There is the potential for a very substantial CO2 infrastructure to be created if the policy 
environment expedites permits, facilitates fair access and provides a reasonable level of government 
incentive for CO2 reductions. 
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